Abstract. Fas-mediated apoptosis has been proposed to play an important role in homeostasis. Fas triggers apoptosis after stimulation by its ligand FasL or the Fas ligand agonist anti-Fas antibody through a mitochondria-dependent or -independent pathway, and MSSP has been identified as a transcription factor that regulates the c-myc gene and was later found to positively or negatively regulate a variety of genes, including ·-smooth actin, MHC class I, MHC class 2 and the thyrotropin receptor. We further found that expression of the Fas gene was repressed, resulting in abrogation of the Fas-mediated induction of apoptosis both in Mssp-knockout mice and primary thymocytes. MSSP was then found to stimulate promoter activity of the Fas gene by binding to a specific region. In this study, to identify the MSSP-dependent Fas-induced apoptosis pathway, primary fibroblasts from MSSP (+/+) and MSSP (-/-) cells were treated with the combination of interleukin 1-ß and interferon-Á and expression of the Fas gene was examined. The results showed that the Fas gene was expressed at the same levels in the two cell types. Furthermore, when these cells were treated with the anti-Fas antibody, it was found that cytochrome C was not released in the cytosol and that activations of caspase 8 and caspase 3 occurred in primary fibroblasts from MSSP (+/+) cells but not from MSSP (-/-) cells. These results indicate that Fas-mediated apoptosis induced by MSSP occurs independently of mitochondria.
Introduction
MSSP family proteins have been identified as proteins that directly bind to the single-or double-strand of 21 bp, a putative DNA replication origin and transcriptional enhancer (1) (2) (3) . Human cDNAs encoding MSSP-1 (3), MSSP-2 (4), Scr2, Scr3 (5) and RBMS3 (6) have been independently cloned and shown to be MSSP family proteins (7) . MSSP-1, MSSP-2 and Scr2 are alternative splicing variants of the human MSSP gene 2, which is located at 2q24 in human chromosome 7 (8) . The MSSPs that bind to c-Myc have been shown to stimulate myc/ras cooperative transforming activity (9) , induce apoptosis (10) , stimulate DNA replication by binding to DNA polymerase alpha (11) , and play a role in transcriptional regulation of the genes encoding ·-smooth muscle actin (12) , c-Myc (11), thyrotropin receptor (13) , MHC class II (14) and MHC class I (15) genes. Thus, MSSPs have pleiotropic functions in cells.
We have generated MSSP-deficient mice by disrupting the Mssp gene in embryonic stem cells. The reduced ratio of littermates of homozygous Mssp (-/-) mice was found to be due to the decreased concentration of progesterone in female mice, which affects the preimplantation embryo (16) . We then found reduced expression of the Fas gene in MSSPdeficient mice and their primary thymocytes, resulting in abrogation of Fas-mediated apoptosis (17) . Furthermore, MSSP was found to act as a positive transcription factor for the Fas gene by binding to the Fas gene promoter (17) .
Fas (CD95, Apo-1) is a receptor for Fas ligand (CD95L) and both are required for immune homeostasis (reviewed in ref. 18 ). Fas or its family, TNF·, triggers an apoptotic cascade by forming a complex (DISC) containing a death receptor, adaptor protein and procaspase 8 (19) (20) (21) . There are two distinct signaling pathways for Fas-induced apoptosis: one depends on activation of caspase 8 by cleavage of procaspase 8 at the DISC, resulting in activations of downstream caspases, including caspase 3 or 7, and the other does not need activation of caspase 8 at the DISC, leading to activation of the mitochondria-induced apoptosis signal (22) . In the latter case, activated caspase 8 cleaves a BH3-only protein, Bid (23, 24) , which then activates proapoptotic molecules, Bax or Bak, resulting in induction of the mitochondrial release of cytochrome C (25) (26) (27) . Although we showed that MSSP activates expression of the Fas gene, it is still not clear which pathways are used for MSSP-activated Fas.
In this study, we found that cytochrome C was not released from mitochondria and that caspase 8 was activated in cell lines established from MSSP-deficient mice, indicating that Fas-mediated apoptosis by MSSP occurs independently of mitochondria.
Materials and methods
Reagents and antibodies. Recombinant mouse IL-1ß and IFN-Á were purchased from Sigma. Commercially available ONCOLOGY REPORTS 14: 1305 -1309 Mitochondria-independent induction of Fas-mediated apoptosis by MSSP monoclonal antibodies against cytochrome c (7H8.2C12, Pharmingen), mitochondrial complex I 30-kDa subunit (3F9, Molecular Probes), and ß-actin (MAB1501R, Chemicon) were used. An anti-MSSP-1 antibody against the peptide corresponding to amino acids 343-370 of human MSSP-1, which were described previously (16) , was used for Western blotting. A hamster anti-mouse Fas monoclonal antibody (Jo2, BD Pharmingen) and hamster nonimmune IgG (Pharmingen) were used for induction of apoptosis.
Cell lines. Primary fibroblasts derived from wild-type and MSSP-deficient mice were cultured in Dulbecco's modified Eagle's medium (Nissui, Tokyo) supplemented with 10% fetal bovine serum (JRH Biosciences, USA).
RT-PCR. Total RNAs were extracted from primary fibroblasts derived from wild-type and MSSP-deficient mice by using Isogen (Nippon Gene), and cDNA was synthesized using the oligo dT primer and BcaBEST polymerase (Takara). The first strand of cDNA products was amplified with specific primers for the first 5 min at 94˚C, for 1 min at 94˚C, for 1 min at 55˚C, and then for 30 cycles of 1 min at 72˚C and 1 min at 72˚C. The nucleotide sequences of the sense and antisense primers were described previously (16, 17) . The amplified products were separated on a 2% agarose gel and stained with ethidium bromide. Intensities of bands were measured using NIH image software.
Induction of apoptosis in cultured fibroblasts.
Primary fibroblasts were treated with 10 µg/ml cycloheximide and 500 ng/ml of an anti-Fas antibody (Jo2, BD PharMingen) or non-specific hamster IgG (BD PharMingen). Twelve hours after incubation at 37˚C, expression levels of mRNAs were examined by RT-PCR. Cell viability was then measured using a Cell Counting Kit-8 (Dojin Laboratories, Kumamoto) according to the manufacturer's protocol. Briefly, fibroblasts were cultured in 96-well plates and treated with the anti-Fas antibody for 6, 12, 24 and 36 h. After treatment of cells with the anti-Fas antibody, 10 µl of a mixture containing 5 mM WST-8, 0.2 mM of methoxy PMS and 150 mM of NaCl was added to the cells and incubated for 1-3 h. The absorbance at 450 nm of the mixture was then measured by a microplate reader.
Western blot analysis. Proteins were prepared from the cells with a lysis buffer containing 250 mM sucrose, 10 mM TrisHCl (pH 7.5), 5 mM EDTA, 50 mM KCl, 5 mM MgCl 2 , 5 mM EGTA, 1 mM DTT and 1 mM PMSF, followed by 30 strokes of homogenization using a Dounce homogenizer. Unbroken cells and nuclei were precipitated by centrifugation at 600 g for 5 min. Mitochondrial fractions were collected from the supernatant by centrifugation at 12,000 g for 10 min and suspended with the lysis buffer. Proteins were then separated on 15% SDS-containing polyacrylamide gel and transferred to a nitrocellulose membrane. After the membrane had been blocked with a buffer containing 20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 0.1% Tween-20 (TBST) and 10% milk for 1 h at room temperature, the membrane was reacted with a 1/1000 dilution of anti-cytochrome C, anti-mitochondrial complex I 30-kDa subunit, anti-MSSP-1 and anti-ß-actin antibodies for 1 h at room temperature. The membrane was then washed with TBST, incubated with Alexa Flour 680-conjugated anti-mouse IgG or Alexa Flour 680-conjugated anti-rabbit IgG (Molecular Probes) for 1 h at room temperature, and visualized using an Odyssey infrared imaging system (LI-COR Biosciences).
Caspase assays. Caspase 3 and caspase 8 activity in the cells was measured using APOPCYTO Caspase-3 Colorometric Assay and APOPCYTO Caspase-8 Colorometric Assay kits (MBL) according to the manufacturer's instructions.
Results and discussion

No effect of cytokines on Fas expression in MSSP (-/-) cells.
We have previously reported that the expression level of the Fas gene is low in primary fibroblasts derived from MSSPdeficient mice and that MSSP regulates the Fas gene expression as a transcription factor by binding to the Fas promoter region (17) . Fas gene expression has been reported to be induced by various cytokines, including IL-1ß, TNF-· and IFN-Á, in human malignant glioma cells, but simultaneous addition of TNF-· and IFN-· has been shown to abrogate induction of Fas expression (28) . Expression of the Fas gene in human thyroid epithelial cells has, on the other hand, been shown to be sensitized by the combination of IL-1ß and IFN-Á (29) . Expression of the Fas gene has also been reported to be regulated by various transcription factors, including NF-κB (30-32), AP1 (31), Sp1 (32), Sp3 (33), C/EBP (34) and MSSP (17) . We therefore investigated the effects of MSSP on transcription of the Fas gene through various cytokines. Primary fibroblast cells derived from MSSP (+/+) and MSSP (-/-) mice were incubated with 100 ng/ml of IL-1ß, TNF-· or IFN-Á for 6 h, and expression levels of Fas mRNA were examined by RT-PCR (Fig. 1A) . As reported previously (17), Figure 1 . Expression of the Fas gene after treatment of the cells with cytokines. A, primary fibroblasts from MSSP (+/+) and MSSP (-/-) cells were treated with 100 ng/ml of IL-1ß, TNF-· or IFN-Á for 6 h, and expression levels of Fas and GAPDH mRNAs were examined by RT-PCR as described in Materials and methods. B, the cells were incubated with 100 ng/ml of the combination of IL-1ß and TNF-· for 6 h, and expression levels of Fas and GAPDH mRNAs were examined by RT-PCR. a low expression level of Fas mRNA was observed in MSSP (-/-) cells without addition of cytokines (Figs. 1A,  lanes 1 and 5) . Although addition of all of the cytokines to the cells stimulated expression levels of Fas mRNA, it was found that efficiencies of stimulation were not different in MSSP (+/+) and MSSP (-/-) cells (Fig. 1A, lanes 2-4 and 6-8) . Furthermore, while simultaneous treatment of the cells with IL-1ß and IFN-Á was found to stimulate expression of Fas mRNA, it was found that efficiencies of stimulation were not different in MSSP (+/+) and MSSP (-/-) cells (Fig. 1B) . These results suggest that MSSP is not related to the signaling pathway of cytokine-induced Fas expression.
No release of cytochrome C from mitochondria to the cytosol in MSSP (-/-) cells.
Fas stimulated by addition of an anti-Fas antibody to the cells leads to activation of caspase-8, which then triggers either a pathway of apoptosis that is independent of mitochondria or a pathway of apoptosis that is dependent on mitochondria. In the mitochondria-dependent pathway, cytochrome C is translocated from mitochondria to the cytosol. To investigate whether the MSSP-dependent Fas signal is linked to the mitochondorial pathway, MSSP (+/+) and MSSP (-/-) cells were treated with an anti-Fas antibody for 24 h and proteins in the mitochondrial and cytosolic fractions were analyzed by Western blotting with an anti-cytochrome C antibody ( Fig. 2A) . Filters were also blotted with an anti-NADH-ubiquinon oxidoreductase (a 30-kDa subunit of mitochondrial complex I) to show purity of fractions. The 30-kDa subunit of mitochondrial complex I was observed in the mitochondrial fraction but not in the cytosolic fraction/postmitochondrial faction and cytochrome C was also observed only in the mitochondrial fraction both in MSSP (+/+) and MSSP (-/-) cells before and after treatment of the cells with the anti-Fas antibody. Since it has been reported that mitochondrial membrane permeability was regulated by the anti-apoptotic molecule, Bcl-2, and that simultaneous treatment of cells with IL-1ß and IFN-Á decreased the level of bcl-2 protein (29), the expression levels of bcl-2 mRNA in MSSP (+/+) and MSSP (-/-) cells were analyzed by RT-PCR (Fig. 2B) . The results showed that the expression levels of Bcl-2 normalized to those of GAPDH were not different in MSSP (+/+) and MSSP (-/-) cells. These results indicate that the MSSPdependent Fas signal occurs independently of mitochondria.
Activation of caspases 8 and 3 after apoptosis stimulation only in MSSP (+/+) cells.
To further elucidate the pathway of the MSSP-dependent Fas signaling, the activity of caspase 8 and caspase 3 was measured after MSSP (+/+) and MSSP (-/-) cells had been treated with an anti-Fas antibody using a fluorescent peptide as a substrate (Fig. 3) . Stimulation of caspase 8 activity by addition of the anti-Fas antibody was stronger than that by addition of non-specific IgG in MSSP (+/+) cells but not in MSSP (-/-) cells, and the activity was inhibited by addition of IETD-FMK, an inhibitor of caspase 8 (Fig. 3A) . Furthermore, activation of caspase 3, a downstream caspase, was found to occur in MSSP (+/+) cells but not in MSSP (-/-) cells (Fig. 3B) . These results suggest that MSSP-dependent Fas-induced apoptosis occurs through activation of caspase 8 followed by activation of caspase 3.
Sensitization of MSSP (+/+) cells to Fas-induced apoptosis.
Susceptibility of MSSP (+/+) and MSSP (-/-) cells to Fasinduced apoptosis was then examined. The cells were treated with 500 ng/ml or 1000 ng/ml of an anti-Fas antibody or nonspecific IgG for 24 h and cell viabilities were measured by an MTT assay (Fig. 4) . The results showed that MSSP (+/+) cells treated with the anti-Fas antibody, but not those treated with non-specific IgG, died faster than MSSP (-/-) cells throughout the period of addition of anti-Fas antibodies, indicating that Fas-induced apoptosis depends on the expression of MSSP.
Fas triggers apoptosis after stimulation by its ligand FasL or the Fas ligand agonist anti-Fas antibody through a mitochondria-dependent or -independent pathway. Commitment to either pathway depends on activation of caspase 8 at the DISC, a complex containing a death receptor, adaptor protein, and procaspase-8. While activation of caspase 8 is needed in both pathways, activation of caspase 8 at the DISC occurs only in the mitochondria-independent pathway. In the mitochondriadependent pathway, caspase 8 cleaves a BH3-only protein, Bid, which then releases cytochrome C from mitochondria to the cytoplasm (19) (20) (21) (22) (23) (24) . In this study, we showed that while Fas-induced apoptosis occurred upon stimulation of 
